The RNA sequences and RNA size classes transcribed early in productive infection with adenovirus 2 were analyzed by RNA-DNA hybridization. Two 
The productive infection of cultured human cells by adenovirus 2 includes at least two distinct phases. During the early period, which precedes the onset of DNA replication, only a limited portion of the genome is transcribed into functional viral mRNA (6, 19) . In the late period, transcripts of a larger portion of the genome are represented in cytoplasmic mRNA (6, 19) . The relationship between the RNA sequences synthesized during the early period, the first 5 to 6 h of infection, and those present much later, at 18 h, is not fully clarified. Lucas and Ginsberg (10) were able to identify a class of RNA sequences which were synthesized between 2 and 6 h after infection, but were either absent or present in greatly reduced quantities at late times. Other studies concluded that all RNA sequences present at 6 h are also present in high concentrations after 18 h of infection (6, 18, 19) .
We have further investigated the relationship between RNA sequences present at early and late times. Detailed studies of transcription early in infection are greatly facilitated by the use of drugs that inhibit protein or DNA synthesis and, therefore, prevent the onset of viral DNA replication (3, 10, 13, 20) . Since the beginning of viral DNA synthesis may not be synchronous in all infected cells, drug treatment eliminates possible contamination of early viral RNA sequences with low concentrations of the sequences synthesized late in infection (3) . In these experiments, we analyzed the cytoplasmic viral RNA synthesized in the presence of cycloheximide (CH). The use of CH, an inhibitor of protein synthesis, is particularly advantageous in studying radioactive early viral RNA; RNA labeled in the presence of CH hybridizes to viral DNA approximately 10-fold more than control RNA (3, 11) . The cytoplasmic viral RNA synthesized in the presence of CH contains the same early viral sequences as RNA prepared from control-infected cultures (3, 11) .
Using both liquid and membrane hybridization techniques to determine sequence relationships, we confirmed the existence of a class of early RNA sequences which was present in at least a 16-fold lower concentration at 18 h than at 6 h. In addition, we extended the previous size characterizations of the early cytoplasmic RNAs (8, 11) . Hybridization-inhibition experiments were performed to begin to define the relationship between the size-fractionated early RNAs and the two sequence classes of early RNA.
MATERIALS AND METHODS
Cell culture, virus infection, and cell fractionation. Exponentially growing KB suspension cultures were infected with adenovirus 2 purified by equilibrium centrifugation in cesium chloride (3, 7, 15) . Cultures harvested 6 h after infection were infected at a multiplicity of 100 PFU per cell and were diluted to 9 x 105 cells per ml after a 1-h adsorption period. In many experiments, 25 Ag of CH per ml (Sigma Chemical Co., St. Louis, Mo.) were added at the time of dilution. Cultures were labeled with 12.5 UCi of [3H]uridine per ml (40 Ci/mmol, New England Nuclear Corp., Boston, Msss.) from 2 to 6 h after infection. Cultures harvested 18 h after infection were diluted to 3 x 105 cells per ml after the 1-h adsorption period. Cytoplasmic extracts were prepared as described by Craig and Raskas (3) .
RNA purification and fractionation. RNA in cytoplasmic extracts was purified by the addition of 0.5% sodium dodecyl sulfate (SDS), followed by three extractions with equal volumes of water-saturated phenol and chloroform-isoamyl alcohol (at a ratio of 24:1) at room temperature (3). The RNA was precipitated by the addition of 2 volumes of 95% ethanol in the presence of 0.15 M NaCl.
Molecules containing poly(A) were separated from molecules lacking poly(A) by selective retention on oligo(dT)-cellulose (Collaborative Research, Inc.) (1) . RNA was applied to an oligo(dT)-cellulose column (0.5 by 1 cm) in 0.5 M KCl and 0.01 M Tris-hydrochloride (pH 7.5). The column was then washed with 15 (2, 9, 21) . Gels were frozen and sliced into 2-mm fractions. Gel samples to be counted directly were solubilized in ammonium hydroxide and counted in a scintillation counter (15) . Unless noted otherwise, gel slices used in the hybridizations were solubilized by incubating at 60 C in 6 x SSC (1 x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing 0.1% SDS. Slices from 3.2% gels were solubilized in 100 uliters of liquid; 200 uliters were added to 4.8% gel slices. Solubilization required a minimum of 8 h, but generally, gel slices were incubated overnight prior to further analysis.
RNA-DNA hybridizations. All filter hybridizations were performed with adenovirus 2 DNA immobilized on 6.5-mm cellulose nitrate membranes (type B6, Schleicher and Schuell Co., Keene, N.H.) (14) . Two-step hybridization-inhibition experiments were performed in a solution containing 30% formamide, 3 x SSC, 0.1% SDS, 0.01 M N-Tris(hydroxymethyl) methyl-2-aminoethane sulfonic acid, pH 7.4, at 45 C. In the first step, increasing concentrations of unlabeled RNA in 100 uliters were incubated for 20 h with filters containing 0.02 or 0.5 Ag. of adenovirus 2 DNA. After incubation, the filter was washed three times with 2 x SSC and treated with 20 gg of pancreatic RNase per ml for 45 min at room temperature (11) . The filter was then treated with 0.15 M iodoacetic acid to inhibit RNase activity (17, 20) and was washed again with 2 x SSC. 3H-labeled RNA was then added for a second incubation of 20 h, after which the filter was washed three times at 60 C with 2 x SSC and treated with pancreatic RNase as before. The hybridizations performed with 0.02 gg of DNA were performed by using saturating amounts of [3HIRNA. The amount of RNA required to saturate 0.02 Mg of DNA was determined before the hybridization-inhibition experiments were performed. Typical saturation profiles are shown in Craig and Raskas (3) .
Liquid phase hybridizations were carried out with 32P-labeled adenovirus DNA (0.5 x 106 counts per min per Mg). 2P-labeled virus was prepared by performing infections in phosphate-free Joklik minimal essential medium supplemented with 2.5% horse serum.
[32P]phosphoric acid (60 pCi/ml; New England Nuclear) was added 6 h after infection, and the cultures were harvested after 30 h. The virus was purified, and viral DNA was extracted as described previously (7) . Prior to hybridizations, DNA was fragmented by sonic treatment and was denatured by boiling for 20 min.
The fraction of DNA present as hybrid was determined by two methods, hydroxylapatite chromatography or digestion with the single-strand-specific nuclease (S,) from Aspergillus oryzae. Preparations to be analyzed by hydroxylapatite chromatography were hybridized in 0.4 M sodium phosphate, pH 6.8. samples into 5 ml of 0.12 M sodium phosphate buffer containing 0.4% SDS. Each sample was absorbed to 0.6 g of hydroxylapatite (Biorad, DNA grade). The binding and all subsequent washings were carried out at 60 C in centrifuge tubes as described by Fanshier et al. (4) . Single-stranded DNA was removed by a 5-ml wash with 0.12 M phosphate buffer containing 0.4% SDS. Complete elution (100%) of double-stranded material was achieved by two successive washes with 5 ml of 0.4 M sodium phosphate, pH 6.8. Calf thymus DNA (5 ug/ml) was added as carrier, and the two fractions were precipitated with 5% trichloroacetic acid, filtered, dried, and counted.
Preparations analyzed by Sl nuclease digestion were hybridized in 1.2 M NaCl and 0.01 M Trishydrochloride, pH 7.0. S, nuclease was purified from diastase powder (Sigma Chemical Co.) as described by Sutton (16) . The reaction mixtures contained 500 U of enzyme, 0.03 M sodium acetate buffer (pH 4.5), 3
x 10-5 M ZnCl2, 0.12 M NaCl, 20 ,g of calf thymus DNA, and 1,000 to 10,000 counts of [32P]DNA per min. Nuclease digestion was performed for 2.5 h at 50 C. In these conditions, 100% of native adenovirus DNA and only 0 to 2% of denatured DNA remained acid precipitable.
RESULTS
Relationship between RNA sequences synthesized early after infection and those sequences present at late times. Two types of experimental procedures were used to determine the relationship between the RNA sequences transcribed early and those present at late times.
First, hybridization-inhibition experiments were performed with membrane-bound viral DNA. When saturating amounts of early cytoplasmic [3H]RNA were used, whole-cell RNA synthesized at early times inhibited hybridization more than 90%. Whole-cell RNA from late times reduced the hybridization of early RNA only 40 to 50% (Fig. 1A) . Hybridizations performed under nonsaturating conditions yielded the same results: when 25 times more DNA and 5 times less [3H]RNA were used (Fig. 1B) , late RNA inhibited hybridization only 50 to 60%. Similar results were obtained when hybridization-inhibition experiments were carried out using poly(A)-containing RNA as both inhibitor and [3H]RNA (data not shown).
Second, liquid-phase hybridizations confirmed the existence of two classes of early RNA. 32P-labeled viral DNA was annealed with early cytoplasmic RNA, late cytoplasmic RNA, and a mixture of the early and late RNA. The resulting hybrids were detected by two methods, chromatography on hydroxylapatite ( Fig. 2A) and digestion by the single-strand- Fig. 4 .
The third size class of viral RNA formed a rather broad peak in the 26S region. The hybridization-inhibition experiments were repeated with 19S and 12 to 15S viral RNA fractionated on sucrose gradients. The three size classes of viral RNA were again detected, although the major viral RNA peak sedimented as 18 to 19S relative to rRNA rather than the 19-to 20S-value obtained from electrophoresis (Fig.  6A) . To insure the purity of the 18 to 19S and 12 to 15S size classes, the [3H]RNA was rerun on a second sucrose gradient (Fig. 6B and C) . Using these repurified RNAs, late RNA inhibited the hybridization of the 18 to 19S class about 30%, and inhibited the 12 to 15S class about 60% (Fig. 5B) .
DISCUSSION
Two independent hybridization procedures used in this study confirmed that the viral RNA sequences transcribed early in adenovirus 2 infection consist of at least two classes. Using the terminology of Lucas and Ginsberg (10) Fig. 5B. the addition of early RNA did increase the percentage of viral DNA hybridized under the same conditions. In hybridization-inhibition reactions (Fig. 1A) (10) . For this reason, we do not feel the discrepancies can be attributed to hybridization methodology or other technical variations. Rather, the differences may arise from unknown variations in the virus-cell systems used. In fact, the quantitation of our liquid hybridizations differs from that reported by Tibbetts et al. (19) . In our system, early cytoplasmic RNA corresponded to 24 to 30% of the asymmetrical coding capacity of the genome (Fig. 2) (Fig. 1) . When hybridizationinhibition experiments were performed with 26S RNA, 20% was inhibited by late RNA, but the significance of this result is unclear because of our uncertainty concerning the in vivo existence of this RNA as a 26S molecule.
This study has identified two classes of early RNA with respect to intracellular concentrations at late times, but we have not analyzed directly for the transcription of these two classes at late times. Some early RNA continues to be transcribed at late times (10, 18) , and thus, even class I RNA may still be synthesized at 18 h, although at greatly reduced levels. Abundance classes of viral RNAs have been demonstrated in the replication of herpesviruses, where the differences between the RNA concentration of abundance classes appears to vary as much as 140-fold (5) . Further identification of the viral RNA species in each class will await the use of specific fragments of the viral genome (12) in hybridization studies.
